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■ INTRODUCTION
Anisotropic colloidal particles have been the subject of many recent studies due to their unusual behavior. Such particles have the potential to form complex self-organized structures 1 and have been reported to give rise to phases such as cluster fluids, gels, and glasses, 2,3 empty liquids, and equilibrium gels. 4 Clay minerals disperse into liquids to form suspensions of particles with a variety of shapes such as rods, 5 plates, 6 and laths. 7 These suspensions present a wealth of phase behavior ranging from fluids to delicate liquid crystalline phases and unusually low volume fraction viscoelastic glassy or gelled states. This has led to widespread use for rheology modification in pharmaceutical, agrochemical, cosmetic, and drilling fluid formulations, as fillers in paper production, and in nanocomposite materials. The smectite clay montmorillonite swells and delaminates in water to give suspensions of high aspect ratio platelets (300:1) and has been the subject of extensive studies into the rheological and structural characteristics of suspensions of nonspherical particles. 2,8−16 An isotropic to nematic transition is expected for hard particles with such a high aspect ratio; 17, 18 however, due to strong electrostatic interactions, resulting from isomorphous substitutions in the clay mineral structure, 10 arrested states such as gels or glasses are observed instead. The exact interactions causing this phase behavior have been debated since these suspensions were first reported. 19−22 Simulations involving nonlinear charge screening, 23 point quadrupoles within the particles, 24 dipoles along the plane of the particles, 25 and patchy interactions around the particles 4 have all been employed to reproduce experimental findings.
The rheological phase behavior of montmorillonite was experimentally mapped out in detail by Abend and Lagaly, 11 and a re-entrant phase transition was observed from a disconnected glassy state to a fluid and then a connected network gel as ionic strength increased. This soft solid behavior at low volume fraction has been attributed to either strong electrostatic repulsion between the highly negatively charged particles (see refs 26 and 27 for a detailed discussion of this for a related clay mineral) at low ionic strength and attractive percolating gels (due to van der Waals forces or electrostatic interactions) which fill space at high ionic strength. Unusual flow behavior as a result of particle anisometry has also been explored by considering a hydrodynamic effective volume fraction due to rotation of the particles about their central axis. 28, 29 While there is no full consensus over the interactions between clay platelets, it is known that their behavior can be modified by adsorbing molecules to the particle surface. Amphiphilic polymers, 30−33 anionic polymers, 34−36 zwitterions, 37 anions, 38−40 and more recently amine anchored polymers 41, 42 have been used to liquefy the solid states formed by these suspensions in a variety of conditions. However, very few of these studies explore the microstructure within the suspensions, stemming from the alteration in particle−particle interactions, which dictates the macroscopic phase behavior.
It has recently been shown that montmorillonite platelets undergo microphase separation into clusters 2 as observed in systems with competing interactions such as colloid−polymer mixtures 43 and natural protein solutions. 44 Considerations of the dynamics of these clusters correlate well with the bulk rheological phase behavior. Additionally, Cui et al. observed changes in the morphology of the clusters upon the adsorption of an amine terminated polymer to the platelet faces which correlated with liquefaction of the gelled suspensions. 41 This begs the question as to whether structural modifications at the largest scale are a common feature across the plethora of surface chemistries used to modify the rheology of montmorillonite suspensions. If so, knowledge of the exact structural consequences of platelet surface chemistry would lead to a better understanding of the interactions within these systems and to more directed design of formulations containing platelet particles.
We approach this by taking two surface chemistries already reported to drastically change the behavior of aqueous montmorillonite dispersions: the face adsorbing amineterminated polymer Jeffamine M1000 discussed above 41 and the edge adsorbing anion pyrophosphate which has been long used for this purpose. 38, 39 Rheological phase diagrams of montmorillonite platelets with or without these surface chemistries are plotted and correlated with scattering measurements at a variety of length scales. It is found that these two species alter behavior in different regions of the phase diagram and that this can be correlated with large scale structures observed in small-angle light scattering.
■ EXPERIMENTAL SECTION
Materials. Wyoming montmorillonite (SWy-2) was purchased from the Clay Minerals Society source clays repository at Purdue University. The composition of SWy-2 is (Si 7.94 Al 0.06 )-(Al 2.88 Fe 0.5 Mg 0.62 )O 20 (OH) 4 Na 0.68 , 12 and it has a cation exchange capacity of 84 mequiv/100 g. 45 Jeffamine M1000 was donated by Huntsman and has the molecular structure CH 3 [OCH 2 CH 2 ] 19 -[OCH 2 CH 3 CH] 3 NH 2 and a molecular weight of ∼1000 g mol −1 . Reagent grade NaCl was purchased from Fischer, and reagent grade Na 4 P 2 O 7 ·10H 2 O was purchased from Sigma-Aldrich.
Sample Preparation. Montmorillonite was dispersed by adding 45 g L −1 powdered clay to deionized water and stirring for 24 h. The suspension was then dialyzed against aqueous NaCl (1 M) for 1 week, changing the solution every day, to remove unwanted ions such as Ca 2+ , and then dialyzed against deionized water, changing water every day, until the conductivity of the dialysate was below 5 μS cm −1 . The dialyzed suspension was centrifuged at 7000 rpm (5500g) for 60 min in a Sorvall Legend-T to remove large impurities. The supernatant was kept as stock, and its weight percentage was measured by weight loss upon drying at 60°C under vacuum for 5 h. The samples were prepared at natural pH of 8.5 though this increased somewhat upon addition of the weakly basic sodium pyrophosphate.
Samples for rheological measurements were prepared by concentrating stock suspensions by evaporation (if required) and then diluting into aqueous solutions of M1000 (added at 340 μmol per g of montmorillonite to ensure minimal free polymer 45 ), Na 4 P 2 O 7 , and NaCl.
Samples for scattering measurements were prepared by first diluting the stock suspension, prepared as above, to 1 wt % and allowing larger particles to settle under gravity for 24 h and keeping the supernatant as stock suspension. This prevented time-dependent variations in scattering intensity due to particle sedimentation. The weight percentage of this new stock suspension was determined as above, and the suspension was diluted into appropriate salt and polymer solutions.
Exfoliation of platelets by this dispersion method was assessed by viewing suspensions between crossed polars. Birefringence was observed, consistent with the presence of platelike objects. This was even true at the highest ionic strength (0.1 M Na + ) showing strong evidence for the presence of either free platelets, or possibly very small stacks, but not large aggregates of particles, agreeing with previous birefringence and X-ray scattering measurements. 9, 13, 16 See the Supporting Information for images of birefringent samples.
Characterization. Structural characterization was carried out using a range of scattering techniques. Static light scattering (SLS) was carried out using a Malvern 4800 Autosizer where the intensity of light scattered from a 532 nm laser was measured at angles from 30°to 140°, corresponding to the wavevector range 6 × 10 −3 to 2 × 10 −2 nm −1 . Samples were diluted into a 10 mm cylindrical quartz cell with deionized water passed through a 0.22 μm Whatman filter.
Small-angle light scattering (SALS) was measured using home-built apparatus based on the designs of Verhaegh et al. 46 and Schaẗzel and Ackerson 47 using a 5 mW, λ = 632.8 nm He−Ne laser. The sample was diluted as above into a 1 mm path length rectangular glass cell, the laser beam was directed through the sample, and scattered light was projected onto a screen with a central hole for the incident beam to pass through. An image of the scattering pattern was collected using a Stringray F125B ASG camera with a CCTV lens at 646 × 482 pixels and a bit depth of 16. The transmission intensity was measured using a photodiode behind the screen. Data acquisition and reduction was performed using homemade NI LabVIEW 2011 (with IMAQdx) applications, and the apparatus was calibrated using a 100 lines/mm diffraction grating. Angles from 0.6°to 12°were probed corresponding to wavevectors from 10 −4 to 2 × 10 −3 nm −1 Small-angle X-ray scattering (SAXS) was collected on the I9115 beamline at the MAXII storage ring at Max5Lab (Lund, Sweden) using a wavelength of λ = 0.091 nm and a PILATUS 1 M detector. Data were normalized to the intensity of the incident beam and corrected for detector efficiency using Bli711 software, 48 and water background was subtracted using PRIMUS software. 49 Because of multiple scattering in SLS and SALS, only dilute samples of 0.1 and 0.25 wt %, respectively, could be used. Samples for SAXS were prepared at 1 wt % to allow comparison with other techniques.
The phase diagrams were determined by following the elastic (G′) and viscous (G″) moduli of suspensions as a function of shear amplitude and frequency in oscillatory rheological measurements. Montmorillonite suspensions in M1000 and NaCl or Na 4 P 2 O 7 solutions at weight fractions ranging from 2 to 5 wt % and sodium ion concentrations (C Na + ) ranging from 10 −1 to 10 −5 M corresponding either to the concentration of NaCl or one-quarter of that of Na 4 P 2 O 7 were examined. Measurements were carried out using a Malvern Kinexus Pro rheometer controlled by rSpace software. Samples were presheared at 30 s −1 for 300 s and then rested for 300 s before each measurement. An amplitude sweep was carried out from 0.01 to 10 Pa at 1 Hz (or 0.1 Hz if samples were too liquid-like) recording 11 points per decade with a minimum integration time of 10 s. The lowest stable stress in the linear viscoelastic region was selected, and a frequency sweep was measured from 10 to 0.1 Hz recording 11 points per decade with a minimum integration time of 10 s. Measurements for phase diagrams used a cone and plate geometry (40 mm diameter, 4°) to maximize frequency range.
The effects of pyrophosphate adsorption and characterization of surface chemistry combinations were determined by measuring amplitude sweeps after preshear as above and recording the plateau elastic modulus (G 0 ′). An unroughened parallel plate geometry (20 mm diameter, 1 mm gap) was used to minimize wall slip. See the Supporting Information for an examination of the extent of wall slip for the two geometries.
Electrophoretic mobility was measured using a Brookhaven Zeta Plus instrument and an aqueous dip cell. Suspensions were measured at Na + ion concentrations of 10 −1 M to minimize double-layer contributions.
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Langmuir 2015, 31, 4377−4385 ■ RESULTS Adsorption of M1000 and Pyrophosphate. Large changes in the shape of the rheological phase diagrams of montmorillonite are observed upon the adsorption of M1000 to the particle faces or pyrophosphate anions to the particle edges. This is accompanied by significant changes to the organization of the particles and their electrophoretic mobility.
The measured electrophoretic mobility, shown in Table 1 , shows a drop upon the adsorption of M1000 and increases upon the addition of pyrophosphate. This is consistent with expectations as the amine terminus of the M1000 polymer has previously been shown to neutralize one unit of charge per molecule adsorbed, 45 and the adsorption of pyrophosphate is thought to introduce 3 units of charge per molecule adsorbed. Amine-terminated polyethers have been reported to adsorb to the negatively charged montmorillonite platelet surface by first undergoing an acid−base reaction with acidified water molecules at the particle surface (in the presence of Na + in the particle double layer acting as a Lewis acid). The resulting ammonium cation then bonds electrostatically to the particle surface. 45 Pyrophosphate anions are commonly accepted to adsorb at the platelet edge surface, 38 and this is often explained as being due to either electrostatic attraction between the negatively charged anion and the positively charged edge surface or an ion exchange process. 39 Edge isoelectric points up to pH 7 50, 51 have been reported; therefore, it can be assumed that the edge surfaces in the present systems (prepared at pH > 8) are not positively charged and adsorption is due to an ion exchange mechanism between hydroxyl ions, capping broken Al−O and Si−O bonds at the crystal terminus, and pyrophosphate anions. The pyrophosphate and hydroxyl anions in this instance are bound to formally cationic Si 4+ and Al 3+ atoms; therefore, this adsorption could not occur at the particle face as this surface carries a negative charge.
A previous study measured the adsorption of pyrophosphate on kaolin using atomic absorption spectroscopy and radiotracer techniques and reported adsorbed amounts in the region of a few μmol g −1 . 52 There has yet to be a detailed study using such techniques, or others such as infrared spectroscopy, to determine the detailed adsorption mechanism for pyrophosphate on montmorillonite. However, based on the platelet structure, the case for edge adsorption is plausible and is assumed here as it has been in many past studies on this clay. 36, 38, 39 The effect of pyrophosphate adsorption on montmorillonite was probed indirectly by measuring the amount of anion required to liquefy a high ionic strength gel (see Figure 1 ). Assuming a direct relationship between adsorption and rheological behavior, the data in Figure 1 can be fitted to the form of a Langmuir adsorption isotherm using the empirical relationship shown in eq 1, where G 0 ′ is the measured plateau modulus, G max ′ is the plateau modulus in the absence of pyrophosphate, C p is the concentration of pyrophosphate, and α is a fitting parameter.
(1) Figure 1 shows that the concentration of pyrophosphate required to minimize G 0 ′ is 20 μmol g −1 , an order of magnitude lower than the adsorption of M1000 to the particle face (M1000 adsorbs at 340 μmol g −1 ), which could be explained by the pyrophosphate adsorbing only to the edges of the particles. Rheological Behavior of Functionalized Montmorillonite. Adsorption of M1000 and pyrophosphate has been found to drastically alter the rheology of aqueous montmorillonite suspensions away from the classic re-entrant behavior reported by Abend and Lagaly. 11 The phase behavior is captured for untreated montmorillonite and that treated with M1000 and pyrophosphate in Figure 2 . The phase definitions follow those used by Chambon and Winter to describe polymer gels: the solid region is defined as that for which G′ > G″ in the linear viscoelastic regime across the range of frequencies measured; the fluid region that where G′ < G″ and the transition region is defined as a system where the moduli cross over in the range of observed frequencies. 53 The raw rheological data corresponding to these diagrams can be found in the Supporting Information, and of note is that even at the highest C Na + the magnitude of the viscoelastic moduli is not reduced for the untreated and M1000-treated samples. This indicates that the particles are present as individual platelets (or small stacks) exhibiting large effective volume fractions due to their high aspect ratio. If they were present as aggregates, the free volume available to the platelets would be much greater and the suspensions would exhibit a much reduced elastic response. The pyrophosphate samples do in fact show a reduced modulus at high ionic strength; however, it is likely that this is due to the electrostatic repulsion that the anions introduce between the platelets opposing attractive network formation and not due to the showing extensive aggregation, and this agrees with the observation of birefringence in these samples. 
Article Figure 2 shows that the adsorption of M1000 induces a solid to fluid transition only at low ionic strength. The adsorption of pyrophosphate results in a solid to fluid transition at high ionic strength, though the lack of effect at low ionic strength may be due to the lack of phosphate in the system as the added Na + corresponds to one-quarter of the P 2 O 7 4− concentration. These phase diagrams show the overall behavior of this system in a clear manner; however, there are subtleties which this classification does not capture. Measurements where G′ and G″ are in the same order of magnitude may be subject to variations in relative magnitude due to small differences in sample composition or environment which could cause a sample to be classified differently. That said, even with this simple binary classification system the phase diagrams still show striking differences in behavior between the surface chemistries, highlighting the significance of their corresponding modifications.
To study the possibility of a system with both edge and face surface functionalization, the plateau elastic moduli (G 0 ′) at 1 Hz of 5 wt % montmorillonite suspensions with none, one, or both of the surface chemistries were measured. The measurements were carried out at high C Na + , where pyrophosphate is effective, and low C Na + , where M1000 is effective. The results are shown in Table 2 . Note that the low C Na + systems were prepared at 4 × 10 −3 M corresponding to the plateau region of Figure 1 so that an effective amount of anion was present in the pyrophosphate-containing samples. Table 2 shows that the edge and face surface chemistries are compatible but show no synergy with the overall modulus being dictated by the most effective surface chemistry for a given C Na + . The modulus of low C Na + pyrophosphate-treated solid phases is reduced from 319 to 56.8 Pa when M1000 is also present. The reverse is true at high C Na + where the plateau modulus falls by 3 orders of magnitude when pyrophosphate is present even in the presence of M1000, which alone results in a higher modulus. Table 2 also shows an increase in elastic modulus at low C Na + when only pyrophosphate is adsorbed and at high ionic strength when only M1000 is adsorbed. This suggests that these surface chemistries act not only to liquefy suspensions as shown in Figure 2 but also to rigidify the systems at the opposite end of the C Na + scale.
Small-Angle X-ray and Static Light Scattering. It was recently shown that the structure observed in scattering measurements of dilute montmorillonite suspensions correlates with flow behavior in more concentrated systems. 2, 41 The following sections show characterization of the effects of surface chemistry on the structure of these suspensions at a variety of length scales in order to couple these effects to the rheological behavior detailed above. Figure 3 shows SAXS of dilute montmorillonite suspensions with and without adsorbed M1000 or pyrophosphate at a weight fraction of 1% and low ionic strength. At the measured wavevectors a I(Q) ∝ Q −2 power law is observed for all surface chemistries. This is consistent with the presence of a two- dimensional disclike object, and the lack of any high Q correlation peaks shows that our preparation methods can result in fully exfoliated platelets. Detailed studies have found evidence for particle stacks at higher particle weight fractions and ionic strengths, 13, 14, 16 meaning that the most basic units of the large structures we observe may exist, in more concentrated samples, as either single platelets or small stacks. However, based on the consistently high values of G′ in these regions of the phase diagram, it is likely that any particle stacking be minimal if it occurs at all. At a lower range of wavevectors, observed using SLS, a turnover to a Guinier region would be expected and has previously been observed for suspensions of platelets. 54 However, Figure 3 shows an upturn to power law with exponent between −2.5 and −3. This shows that over the observed length scales of 300−1000 nm (roughly 1−3 particle diameters) the platelets are not completely free but are loosely associated into assemblies which are either not fully smooth or not fully solid and leads to the observed scaling. 55 Such cluster assemblies agree well with previous observations of untreated platelets showing particle correlations in SAXS at distances of the particle diameter and below. 14 At even lower Q the larger scale of these clusters is observed, and it is these structures that have the greatest bearing on the rheological properties of the system.
Small-Angle Light Scattering. At these very large length scales significant structural differences as a result of functionalizing the different surfaces of the platelets are observed. Figure 4 shows the SALS of montmorillonite with and without the two surface treatments at C Na + = 10 −4 M. Untreated montmorillonite shows a power law close to I(Q) ∝ Q −1 , in line with previous observations, 41 suggestive of a large elongated assembly.
The addition of M1000 causes the system to become homogeneous at the largest length scales. This results in a low Q Guinier region and a decrease in the transmitted light intensity (see Supporting Information for % transmissions), suggesting smaller, denser scattering objects. The scattering from the M1000-treated samples can be fitted to the Fisher− Burford form factor (see eq 2) describing the scattering of cluster assemblies with fractal dimension d f and radius of gyration R g . At high ionic strength, scattering from the M1000-treated particles is no longer captured by the Fisher−Burford model (the attempted fit can be seen as the solid line in the upper plot in Figure 5 ) as the particles begin to form aggregates with large scale inhomogeneities. The untreated montmorillonite can actually be captured by the Fisher−Burford form factor at high ionic strength, suggesting changes in structure away from the elongated assemblies observed at lower ionic strength. The results of fits to SALS across the full range of ionic strengths can be found in the Supporting Information. Such a drastic difference is not observed for the pyrophosphate-treated particles. At low ionic strength this system follows the same I(Q) ∝ Q −1 power law as the untreated system, suggestive of elongated assemblies. Structural changes resulting from the adsorption of pyrophosphate anions become more apparent at the highest ionic strength measured; here Figure 5 shows that the cluster structure for the untreated platelets changes to one which fits the Fisher−Burford form, but the pyrophosphate scattering shows a partial transition between this and the I(Q) ∝ Q −1 power law. Such a difference is even more pronounced at C Na + = 10 −2 M (see Supporting Information). This shows that the reorganization of the untreated system at high ionic strength occurs to a lesser extent when the particle edges are decorated with the highly valent anions.
■ DISCUSSION

Small-angle light scattering measurements (Figures 4 and 5)
show evidence for clusterlike assemblies of various morphologies formed by montmorillonite platelets (or small stacks of platelets) in aqueous suspension. This is a result of competing attractive and repulsive interactions inherent in the particles (as discussed in the Introduction) and mirrors other natural 2,44 and model 57, 58 colloidal systems. Clusters occur where short-range attractions, favoring nearest-neighbor contacts, bring particles together but are balanced by the presence of a longer range electrostatic repulsion, preventing complete phase separation. The growing assemblies therefore have a certain electrostatic self-energy preventing growth beyond the point where the attractive and repulsive forces balance. This microphase-separated state can be described as a suspension of loose clusters, which prevail as the largest objects in the system, and hence define its flow properties. Tipping the balance of these forces can have large effects on the morphology of the colloidal clusters and therefore the flow properties of the system as a whole, and this is what is observed when the interactions between platelets are modified by adsorbing different species to the particle surface.
Shalkevich et al. previously studied montmorillonite suspensions at pH 4 where edges are likely to be positively charged and hence form electrostatically bonded networks at lower weight fractions than fluid to solid transitions observed in this study. 2 They suggested the existence of a cluster fluid (observed in light scattering) at low particle weight fraction that undergoes dynamic arrest as weight fraction increases, either by the formation of a cluster glass at low ionic strength where electrostatic repulsions dominate or a system spanning percolating network, which eventually phase separates, at very high ionic strength. Figures 4 and 5 confirm the existence of clusters in the dilute suspensions studied here, the morphology and response to ionic strength of which are altered by changing the surface chemistry of the particles. This is consistent with the changes to rheological phase diagrams (see Figure 2 ) and suggests a link between particle interactions, suspension structure, and bulk rheology.
The clusters observed by light scattering in the untreated montmorillonite system have the characteristics of elongated assemblies (as observed previously 41 ). Upon increasing weight fraction at low ionic strength the clusters become more numerous and jam due to strong electrostatic repulsion between them. This results in arrest of the system and is observed in the phase diagram at high weight fraction and low ionic strength. At high ionic strength charge is screened, and the clusters are allowed to come into closer proximity where attractive interactions between particles are strongest and the clusters fuse, causing the system to tend to a solid network phase. At the natural pH of these systems (∼8) the particle edges are unlikely to be charged; therefore, the nature of this attractive interaction lies in more complex multipolar moments inherent in the charge sandwich structure of the mineral previously discussed for similar clay particles. 24, 25 The adsorption of the amine-terminated amphiphilic polymer M1000 to the face surface of these platelets results in neutralization of one unit of surface charge per polymer chain adsorbed. This is observed as a reduction in the electrophoretic mobility of the particles (see Table 1 ). Such a change in surface charge tips the balance of attractive and repulsive interactions by reducing electrostatic repulsion between individual particles and hence the self-energy of the clusters. Smaller denser clusters are favored at the same weight fraction which show a decrease in transmitted intensity (see Supporting Information) in light scattering measurements compared to the more diffuse elongated clusters and can be captured by applying the Fisher−Burford form factor (see solid lines in Figures 4 and 5) . These denser clusters have a lower effective volume fraction than an equivalent suspension of untreated montmorillonite and hence have more free volume to diffuse into causing the system to undergo a transition from the solid to the fluid state at low ionic strength. At high ionic strength the clusters undergo a similar fusion to that of the untreated particles. This is observed as very low Q features in the high ionic strength regime seen in Figure 5 . These are qualitatively different than that of the untreated montmorillonite, which has no very low Q features at this ionic strength but still results in a rigid connected solid system observed in rheological measurements (see Figure 2 ). The differences in scattering could be due to clusters of different morphologies fusing to form different system spanning, connected networks. 
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The resulting systems therefore show different inhomogeneities in their structure which may result in the different plateau elastic moduli shown in Table 2 . Figure 6 shows the differences in behavior between untreated and M1000 treated systems schematically.
Parallels can be drawn between this system and those that have been reported to show cluster sizes varying with particle volume fraction. 59, 60 Here the dominating effect is surface charge neutralization by adsorption of the amine-terminated polymer. This is analogous to previous observations of changes in cluster morphology due to counterion condensation upon an increasing particle volume fraction. 59 Both of these effects reduce the repulsive electrostatic component of particle interactions, increasing the relative magnitude of the attractive interaction and therefore increasing the number of particles associated with a stable cluster.
The addition of pyrophosphate to the particle edges has a different effect entirely. Figure 2 shows that the adsorption of these highly valent anions to the particle edges causes a solid to fluid transition in the high ionic strength region of the phase diagrams. This is due to the introduction of three units of charge per pyrophosphate anion adsorbed which is observed as an increase in electrophoretic mobility of the particles (see Table 1 ). At high ionic strength stronger electrostatic repulsion prevents the particles from coming into close enough contact for the large scale bonded network to form. Hence, the clusters retain some mobility until their effective volume fraction exceeds unity. Deviations from the I(Q) ∝ Q −1 behavior at high ionic strength are lesser when the platelet edges are decorated with anions. Table 2 shows that adsorption of pyrophosphate anions at low ionic strength actually enhances rigidity compared to the untreated system, suggesting that the presence of this anion impacts upon rheological behavior, despite a lesser structural difference observed in Figure 4 , which may be due to an increased repulsive force between the jammed clusters.
The two surface chemistries studied act in different regions of the phase diagram by either the introduction or the neutralization of surface charge. This allows for particles with functionalization on both the edge and face surfaces to be prepared with no impairment to the liquefying effect of either treatment. For example, high ionic strength suspensions of M1000-treated montmorillonite can be prepared in the fluid state if pyrophosphate anions are also adsorbed to the particle edges opposing gelation, and conversely low ionic strength fluid suspensions of pyrophosphate-treated montmorillonite can be prepared by the addition of M1000 to the particle face to neutralize surface charge and loosen the cluster glass state. This is seen upon comparison of the plateau elastic moduli for single and mixed surface treatment systems shown in Table 2 .
This may be advantageous in situations where the properties of one type of surface functionalization are desired but such a functionalization would place the system in the wrong physical state for the application. For example, polymers related to M1000 such as poly(ethylene oxide) and diamino polyetheramines have been reported for use as shale inhibitors in waterbased drilling fluids; however, these systems may undergo fluid to solid transitions at high ionic strength. Further functionalization of the edge surface with pyrophosphate would allow for rheological control while retaining the function of the shale inhibiting polymer.
■ CONCLUSIONS
It has been shown that behavior and structure at the largest length scales in aqueous suspensions of montmorillonite can be manipulated by adsorbing different molecules to the face and edge surfaces. Figure 2 shows that adsorption to different surfaces of the platelets causes liquefaction in opposite regions of the phase diagrams, and SALS measurements, shown in Figures 4 and 5 , show that this is a result of changes in the behavior of clusters of platelets (or small stacks of platelets) brought on by manipulation of the interactions between particles.
The untreated platelets are found to form elongated cluster assemblies which can either jam by electrostatic repulsion or fuse to form system spanning networks at high weight fractions. Adsorption of the polyetheramine Jeffamine M1000 to the 
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Article platelet face surface neutralizes surface charge, resulting in liquefaction in the low ionic strength electrostatically jammed regime. Adsorption of highly valent anions to the particle edge surface was found to prevent gelation at high ionic strength by introducing additional electrostatic resistance to the formation of attractive bonded networks.
The surface chemistries also act in the presence of each other with no impairment to rheological modification. This methodology could therefore be used for dual functionalization of the platelets and applied to systems where one type of surface chemistry is used for a desired function and the other to optimize this function by tuning physical properties. Examples include shale inhibiting drilling fluids containing fully exfoliated platelets with a high salt tolerance and Pickering emulsion stabilizers with both controlled wettability and the potential for further chemistry at the interface.
Understanding the behavior of this system from particle interactions to large-scale structures to bulk rheological properties has revealed important detail regarding the surface chemistry of anisotropic colloidal particles. Building upon previous work on the clustering behavior clay platelets, 2,41 this work has expanded the understanding by considering exactly how the largest scale structures can be manipulated by changing particle interactions and how this, in turn, affects the rheological properties of the system. The precise intracluster organization of the platelets, leading to the scaling observed in SLS, is still unknown. This could be investigated using SAXS on a wide range of samples (similar to studies conducted on untreated platelet colloids 13, 14, 16 ) and would provide a more detailed understanding for the hierarchical structures formed by anisometric colloidal particles with competing interactions. This would make interesting further work.
Consideration of the separate surfaces has the potential for expansion beyond the rheological modification presented here toward a functional system with high level of fine-tuning of both chemical and physical properties.
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